During the fall of 1992, 250 (10%) of 2,500 Rambouilet cross feeder lambs grazing Sorghum bicolor developed neurologic signs including weakness, ataxia, head shaking, knuckling of the fetlocks, inability to rise, and opisthotonos. One hundred fifteen (46%) of the affected lambs died. Twenty of the surviving lambs exhibited residual neurologic signs of ataxia when stressed. At the same time, 275 (25%) of 1,100 ewes grazing a nearby sudex pasture (S. sudanese x S. bicolor) gave birth to lambs that were weak and unable to rise. Newborn lambs exhibited extensor rigidity and opisthotonos when assisted to a standing position. The dystocias that occurred were due to lambs with contracted limbs (arthrogryposis). All affected lambs died or were euthanized. Histologic examination of the brains of 3 feeder lambs and 9 newborn lambs revealed similar microscopic lesions. The predominant change was the presence of focal axonal enlargements (spheroids) in the proximal segments of axons, which were restricted to the nuclei of the medulla, cerebellum, and midbrain. In addition, the spinal cord contained spheroids in the ventral horn gray matter of the 6 newborns examined. Ultrastructurally, the spheroids were composed of aggregates of neurofilaments, mitochondria, vesicular bodies, and dense bodies bounded by a thin myelin sheath. There was mild gliosis in the more severely affected animals of both groups. There was minimal Wallerian degeneration in the white matter adjacent to affected nuclei in the brain and the ventromedial and dorsolateral funiculi of the spinal cord. This is the first detailed report of Sorghum toxicity in sheep.
preferred the grain whereas others preferentially ate the stalks. Beginning 2 wk after arrival, lambs began to develop neurologic signs consisting of knuckling of the fetlocks, weakness, stumbling and falling down with inability to rise, opisthotonos, head shaking, and muscle tremors. Affected lambs also had increased respiratory rates and increased body temperatures (up to 104 F [86 C]) attributed to struggling to stand and high environmental temperatures. Most would continue to eat and drink if supported in sternal recumbency. Serum biochemical profiles revealed only mild elevations in aspartate aminotransferase, lactic dehydrogenase, and creatine phosphokinase, which were considered compatible with prolonged recumbency. Various medications were given including antibiotics, selenium, thiamine, magnesium, calcium, phosphorus, vitamin E, dextrose, and flunixin meglumine with no clinical improvement. Clostridium perfringens C and D toxoid immunization was repeated 2 and 4 wk after onset of the disease. Four weeks after arrival, the herd was moved to an alfalfa pasture and the appearance of new cases tapered off to zero. A total of 250 lambs were affected, of which 115 died. The surviving lambs made gradual recoveries, but approximately 20 continued to demonstrate neurologic deficits 4 mo after initial onset. These animals would fall down and require assistance to stand if stressed by sorting, handling, or shipping.
Also on October 15, 1992, 1,100 pregnant whiteface crossbred ewes were placed on very lush sudex (S. Sudanese x S. bicolor) pasture located approximately 8 km from the previously described feeder lamb pasture. The ewes had been moved from high desert and mountain pastures in the north-central and northern portions of Arizona. An additional 200 ewes from these sources were placed on an alfalfa pasture near the sudex pasture. All were previously vaccinated for bluetongue virus but received no other treatment. Lambing began on October 25, 1992 . The owner reported that many of the ewes on the sudex pasture required assistance because of malformation of the lambs. Malformations included excessively long legs, big heads, and contracted limbs (arthrogryposis); some lambs were stillborn. In addition, many weak lambs without malformations and not requiring birthing assistance were unable to support themselves in sternal recumbency. If assisted to stand, they exhibited extensor rigidity of the limbs and retroflexion of the neck (opisthotonos). These lambs would nurse if assisted. A total of 275 ewes on the sudex pasture had affected lambs. All of those born alive either died or were eventually euthanized. None of the ewes on the alfalfa pasture had dystocia or malformed or neurologically impaired lambs. No neurologic deficits were noted in the ewes of either group.
Pathologv. Necropsy examinations were performed on 3 of the feeder lambs and 9 of the neonatal lambs born weak but without limb malformations. None of the lambs with skeletal deformities were received for examination. All lambs had been euthanized just prior to submission. The spinal cord was examined in the 6 neonatal lambs. Biceps femoris muscle from all lambs was examined. Sciatic nerve was examined from 1 neonatal lamb (lamb no. 92-3770C). Formalin-fixed tissues were embedded in paraffin, sectioned at 5 µm, and stained with hematoxylin and eosin (HE). Areas of the brain examined microscopically included at least 1 section of cerebrum, basal nuclei, thalamus, midbrain, cerebellum, and medulla from each affected animal. Nuclear lesions, consisting principally of spheroid formation (dystrophic axons), were observed and localized using a standard atlas. 38 Selected sections of brain stem and spinal cord were stained with luxol fast blue, Holmes' silver-luxol fast blue, phosphotungstic acid-hematoxylin and cresyl-echt violet. The number of spheroids was graded as previously described. 28 The number of spheroids per transverse section of each nuclear area was counted at a magnification of 100 x and described as 1 + (rare), 2+ (up to 5 spheroids per nuclear area), 3 + (5-10 spheroids per nuclear area), and 4 + ( > 10 spheroids per nuclear area).
Formalin-fixed tissue from the lateral vestibular nucleus of 1 severely affected neonatal lamb (no. 92-3664) was postfixed in 4% glutaraldehyde for 2 hr, embedded in epon-araldite, sectioned at 100 nm, and stained with uranyl acetatelead citrate for electron microscopic evaluation.
Microbiology. Samples of the major visceral organs including brain were inoculated onto blood agar and tergitol-7 agar, incubated at 37 C for 48 hr, and examined for significant bacterial growth. Samples of liver from 3 affected newborn lambs were homogenized in Hanks' balanced salt solution and placed on BVD-free Madin-Darbin bovine kidney cells for virus isolation.
Serology. Sera from 3 affected neonatal lambs and 2 of their dams were examined for neutralizing antibodies to bovine viral diarrhea virus (BVDV), Cache Valley fever virus (CVV), and bluetongue virus (BTV). Frozen sections of spinal cord and thyroid gland from 3 affected newborn lambs were examined for BVDV antigen by the fluorescent antibody technique.
Toxicology. Livers samples from affected, untreated neonatal lambs were analyzed for selenium levels by gas chromatography and electron capture detection (6 lambs) and copper levels by atomic absorption (7 lambs). Sera and whole blood from 3 of their dams were analyzed for copper and selenium, respectively, utilizing the same techniques. Similarly, sera and whole blood from 3 affected but untreated feeder lambs were analyzed for copper and selenium levels, respectively. Sera from 3 affected feeder lambs and the dams of 3 affected neonates were analyzed for vitamin E content by high-pressure liquid chromatography. Representative plants from both the sudex and grain sorghum pastures were analyzed for cyanide by the picric acid paper method and for nitrate by a semiquantitative dip-stick method. Aqueous humor from the feeder lambs and neonatal lambs was examined for nitrate by the diphenylamine calorimetric method. The pH of the rumen contents from the feeder lambs was determined at necropsy with a pH meter.
Results
No gross lesions were noted in any of the animals presented for necropsy. Significant microscopic lesions were restricted to the central nervous system and were morphologically identical in both groups of animals. The lesions consisted of swollen, round eosinophilic structures (spheroids), 10-50 µm in diameter, located in nuclei of the medulla, cerebellum, and midbrain ( Figs. 1, 2) . The telencephalon and diencephalon were not affected. Six neonatal lambs also had identical structures in the ventral horn gray matter of the cervical, thoracic, lumbar, and sacral spinal cord. Some spheroids had a lightly basophilic tint, and some contained central eosinophilic granules (Fig. 3 ). In Holmes' silver-luxol fast blue-stained sections, structures interpreted to be spheroids were gray to black focal swellings along axons. Occasionally a connection was seen between spheroids and nearby neurons by a short segment of histologically normal axon ( Fig. 4 ). The phosphotungstic acid-hematoxylin-stained sections showed pale yellow swellings with light blue granularity corresponding to spheroids. Cresyl-echt violet-stained sections did not demonstrate significant chromatolysis. There was variation among animals in severity of the lesion from mild to severe (Table 1 ). In general, the animals presented for necropsy earlier in the course of the flock problem had more severe lesions. The fastigial, interposital, and lateral cerebellar nuclei, medial, lateral, and caudal vestibular nuclei, and reticular nucleus were consistently affected. The red, cuneate, gracile, olivary, and spinal tract of the trigeminal nerve were less consistently affected. The nucleus of the cochlear nerve was present in sections from 1 feeder lamb (no. 92-3690) and one neonatal lamb (no. 92-3664) and was severely affected. Rarely, necrotic neurons were seen in HE-stained sections from severely affected regions of the brain. These sections were characterized by eosinophilic, swollen, rounded neurons with loss of Nissl's granules and a pyknotic nuclear remnant at the periphery (Fig. 5 ). Mild gliosis was seen in the gray matter of severely affected animals but not in those with only mild spheroid formation. Changes in the white matter were mild and inconsistent. A few swollen axonal sheaths containing spheroids and/or foamy macrophages were present in the white matter adjacent to affected nuclei in the brains of both feeder and neonatal lambs and in the ventral and lateral funiculi of the spinal cord in the neonatal lambs. Sections of spinal cord stained with luxol fast blue did not exhibit any significant decrease in myelin. Spinal nerve roots and ganglia attached to spinal cord sections, the sciatic nerve from 1 neonatal lamb, and peripheral nerves encountered in sections of biceps femoris muscle were unremarkable, as were skeletal muscle, cardiac muscle, and representative sections from the other major body organs.
Ultrastructurally, the spheroids were characterized by collections of mitochondria, irregular bundles of neurofilaments, tubulovesicular structures, and electron-dense granules bounded by a thin myelin sheath (Figs. [6] [7] [8] . The relative proportions of these elements varied among spheroids. Some spheroids contained a preponderance of swollen mitochondria with fewer neurofilaments (Figs. 6, 7), whereas others were composed of masses of neurofilaments and fewer mitochondria ( Fig. 8 ). Dense bodies and vesicular structures were generally few in number.
Bacterial cultures of the major visceral organs and brain did not yield any significant isolates. The neonatal lambs were serologically negative for BVDV, CVV, and BTV. Two dams of affected neonates were also serologically negative for BVDV and CVV. These dams were both positive for BTV, consistent with prior vaccination. Fluorescent antibody examination of frozen sections of spinal cord and thyroid gland of affected newborn lambs was negative for BVDV.
In the feeder lambs, whole blood selenium values ranged from 0.19 to 0.90 ppm (normal = 0.150-0.500 ppm), 35 and serum copper ranged from 0.54 to 0.90 ppm (normal = 0.80-2.00 ppm). 35 Although the lowest values for serum copper fall below the normal range, they are still above levels described as deficient and associated with deficiency disease (<0.10 ppm). 35 Vitamin E levels in the 3 feeder lambs ranged from 4.2 to 7.3 µg/ml (normal = 1.5-4.0 µg/m1). 36 In the neonatal lambs, liver copper ranged from 16.8 to 62.0 ppm, with only 2 animals below 25.0 ppm (normal = 25.0-100.0 ppm). 35 The liver selenium values ranged from 0.17 to 0.21 ppm (normal = 0.25-1.00 ppm). 35 Three dams of affected neonates had serum copper values ranging from 0.72 to 1.41 ppm. The whole blood selenium in these ewes ranged from 0.23 to 0.34 ppm. Three ewes had serum vitamin E values ranging from 7.7 to 8.7 µg/ml. Plants from the sudex and grain sorghum pastures contained no detectable cyanide or nitrate. Similarly, the ocular fluid from the feeder lambs contained no detectable nitrate. The pH of the rumen contents from the feeder lambs ranged from 6.0 to 7.0.
Discussion
The causes of recumbency and neurologic dysfunction in newborn lambs include in utero viral infection, Table 1 . Location and severity* of axonal spheroids in the brain and spinal cord of lambs grazing sorghum pastures. maternal ingestion of toxic plants (Astragalus and Oxytropis sp.), and congenital copper deficiency. 22 Viral infections can also result in skeletal deformities. However, results of the serologic and immunofluorescence tests in the present cases rule out congenital BTV, BVDV, and CVV infections. In addition, there were no gross or microscopic lesions such as hypomyelination, 2 microencephaly, 9, 12 or hydranencephaly 32 to support infection with any of these agents. In utero infection with Akabane virus is another recognized cause of neurologic and musculoskeletal lesions (arthrogryposis) in newborn lambs in the Far East but has not been reported in the United States. 22 Characteristic lessions of Akabane virus infection such as severe demyelination of the spinal cord and ventral spinal nerves, porencephaly, nonsuppurative encephalitis, and myositis were not seen in these lambs. 33 Maternal ingestion of locoweeds (Astragalus sp. and Oxytropis sp.) causes a storage disease in both the ewe and fetus, characterized by accumulation of storage product in cytoplasmic vacuoles of many cells, including neurons, and the formation of spheroids. 14, 19, 41 Limb deformities may also be seen in lambs exposed in utero. 19 Although these plants were known to occur on the native pastures from which the pregnant ewes orig- inated, neurons and other tissues in their lambs did not contain characteristic storage vacuoles. Further, clinical signs of locoism were not seen in the ewes.
The liver copper levels in the lambs of this study were within the normal reference range. Normal copper levels, along with the lack of significant demyelination and/or cerebral cavitation, rule out congenital copper deficiency. 15 Neurologic dysfunction was not seen in lambs born to ewes from the same sources as ewes giving birth to affected lambs but chosen at random to graze alfalfa instead of the Sorghum pastures. This observation makes all other possible etiologies unlikely and strengthens an association between the nervous system lesions and the ingestion of the Sorghum.
Causes of recumbency and neurologic dysfunction in feeder age lambs include selenium deficiency, copper deficiency, listeriosis, acidosis, coccidiosis, enterotoxemia, and thiamine deficiency. 23 Again, the results of the necropsy and ancillary laboratory tests rule out these etiologies as the cause of neurologic disease in the feeder lambs of this report. The morphologic lesions in the central nervous system of the feeder lambs were identical to and occurred during the same time as the disease in the newborn lambs, suggesting a common etiology. The pasture type, even though composed of 2 different species of Sorghum, was the most compelling common denominator in both groups.
Neurologic dysfunction has been reported in horses 1,30 and cattle 29 grazing a variety of Sorghum pastures. The clinical signs included posterior ataxia and urinary incontinence and began from 1 week to 6 months in horses = 8 weeks) and 6-8 weeks in cattle after grazing of the pasture commenced. The morphologic lesions described in both the equine and bovine cases were predominantly those of Wallerian degeneration and demyelination in the white matter of the spinal cord. Axonal degeneration in the white matter was a minor feature in the affected lambs of this report. The formation of spheroids in the nuclei of the brain stem, cerebellum, and ventral horn gray matter, the predominant lesions found in the lambs, has not been described in cattle or horses. 1, 29, 30 Degenerating neurons, a minor feature in the affected lambs, has been described only once in a report of a horse with sorghum ataxia and cystitis. 30 The birth of foals and calves with arthrogryposis has been reported in mares and cows grazing Sorghum pastures 34, 37 Descriptions of lambs with skeletal malformations provided by the herdsmen in this study suggest that Sorghum-associated arthrogryposis may occur in sheep as well. Affected mares had grazed Sorghum pastures in early to midgestation generally beginning 1-2 months after breeding. Cows giving birth to affected calves were not grazed on the Sorghum pastures until 10 weeks prior to calving. The history provided by the herdsmen indicated that the first deformed lambs were born to ewes that had been on the Sorghum pasture for only 10 days. Arthrogryposis may occur following central nervous system lesions that result in denervation atrophy or limb immobility. 17 The fixation of the joints is due to periarticular fibrosis or scarification and can occur very rapidly. 17 None of the lambs necropsied had arthrogryposis, lesions of denervation atrophy in the muscles examined, or recognizable changes in the small nerve branches within the muscles. However, all had spheroid formation in the ventral horn gray matter and postparturient paresis, suggesting the potential for limb immobility in utero. Necropsy examination of 2 calves with Sorghum-associated arthryogryposis revealed loss of some ventral horn neurons in the posterior brain stem and spinal cord, with Wallerian degeneration in the lateral and ventral funiculi of the spinal cord and the ventral and lateral tracts of the medulla and pons. 37 There was no Wallerian degeneration in ventral nerve roots or evidence of neurogenic atrophy of limb muscles. 37 Necropsy examinations of affected foals were incomplete and frequently did not include examination of the central nervous system. 34 In the few cases where the brain was examined, no lesions were found. Peripheral nerves and skeletal muscles were not examined. 34 Clinical signs of Sorghum-associated ataxia and urinary incontinence were inconsistent in mares 34 and not seen in cows 37 giving birth to arthrogrypotic offspring. Similarly, no clinical signs were observed in the dams of lambs with contracted limbs in the present report. Cystitis is commonly present in affected horses' and is occasionally seen in affected cattle. 29 None of the affected lambs that were necropsied had cystitis. Clinical signs of urinary incontinence were not observed in affected lambs, including those feeder lambs that eventually recovered.
Axonal dystrophy is the term applied to focal axonal enlargements (spheroids) not related to the more banal type swellings caused by injury or disturbances in the surrounding tissue such as inflammation, necrosis, or trauma. 20 Dystrophic axons may occur in either gray or white matter and are thought to develop as a result of an intrinsic or extrinsic (noxious agent) disturbance of the metabolism or function of the axoplasm or as a result of very chronic neuronal injury. 11, 20 In animals, axonal dystrophy associated with the formation of spheroids occurring predominantly in the gray matter is associated with experimental and naturally occurring vitamin E deficiency, 25, 28, 31, 39 locoweed poisoning, 14, 42 some storage diseases, 7,21 primary heredofamilial neuroaxonal dystrophies 6, 8 and various experimental toxicoses such as B,B'-iminodiproprionitrile (IDPN) 4, 18 and sodium diethyldithiocarbamate poisoning 16 and as an incidental finding with advanced age. 10 In axonal dystrophy, spheroids are characterized by round, ovoid, or polymorphic masses that vary in diameter from 20 to 120 µm. 20 They are generally argyrophilic and stain homogeneously with HE. Occasionally, there is a pale periphery and a dense granular central area. As they age, these spheroids may develop greater acidophilia and basophilic cores and undergo vacuolation or become coarsely granular. Various degrees of gliosis and neuronal degeneration may occur with axonal dystrophies but are inconsistent features. Ultrastructurally, dystrophic axons are comprised of segments filled with neurofilaments, vesicles, mitochondria, and dense bodies. 24 They may be difficult to distinguish from degenerating and regenerating axons. Differentiating features that may be found in dystrophic axons include patchy electron-dense material derived from degenerating mitochondria, multigranular bodies formed after deposition of glycogen in mitochondria, large vacuoles, tubular rings, and layered loops of membranes. 24 Among the causes of axonal dystrophy, IDPN toxicity is of particular interest. This synthetic compound has not been associated with any naturally occurring human or animal disease. However, it is structurally similar to the lathyrogenic compound B-aminoproprionitrile. 4 Lathyrism is the disease caused by consumption of Lathyrus plants and has been described both in humans and domestic animals. 18 The primary effect is a gradual onset of paralysis of the posterior limbs. 18 Experimental feeding of the plant to rats produces skeletal deformities. 18 The clinical and pathologic similarities between lathyrism and sorghum toxicity (in the horse) have been mentioned, 41 and the ability of sorghum plants to produce precursors of lathyrogenic compounds in vitro has been reported. 3 In rats, IDPN induced microscopic lesions that were remarkably similar to those found in the lambs of this report, 4 including spheroid formation in the ventral horns, reticular formation, and vestibular, trigeminal, and red nuclei. No changes were reported in neuron cell bodies, and there was no demyelination. Connections were found between the spheroids and nearby neurons, indicating that they were located in the proximal segments of the axon. Ultrastructurally, they consisted of accumulations of neurofilaments, mitochondria, and small vesicles bounded by a thin myelin sheath. 15, 40 The lesions developed after 4 weeks of intermittent doses of IDPN and were permanent and progressive. The axonal swellings spread distally and affected the distal part of axons within 1 year. 4 A defect in slow axoplasmic transport has been demonstrated with IDPN toxicity. 13 The susceptibility of various neurons depended upon their neurofilament content; neurofilament-rich large-caliber axons were severely affected. 13 
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The owners had grazed sheep on the pastures of this report and similar pastures for many years without incident, suggesting that contributory factors were involved in this episode of neurologic disease. Attempts have been made to relate environmental conditions to the occurrence of poisoning in animals grazing Sorghum, but no consistent pattern has emerged. Episodes of toxicity have occurred under deficient, excessive, or moderate rainfall patterns. 1 Other stresses on the plants such as grasshopper infestations, fungal infection, and defoliant application are also inconsistently associated with toxicity. 1, 29, 34, 37 The climatic conditions in the region were typical for early fall: hot and dry. However, the preceding winter and spring had been the wettest ever recorded. A defoliant (sodium chlorate) had been applied to the grain sorghum pasture upon which the feeder lambs were grazing, but no such treatment was applied to the sudex pasture upon which the pregnant ewes were grazing.
The results of the laboratory examinations and epidemiologic aspects of the disease condition reported here suggest that an undefined toxic principle in the Sorghum pastures was associated with the neurologic lesions. The lesions reported are similar to those experimentally induced in rats by the synthetic lathyrogen IDPN, indicating that sorghum toxicity is a form of neurolathyrism. 41 There are significant differences between the histologic lesions seen in lambs of this report and those reported in horses and cattle. These differences may be due to the prolonged clinical course prior to necropsy examination in the horses and cattle. 1, 29, 30 Alternatively, the toxic principle in this episode of sorghum toxicity may differ from that involved in the reports of affected cattle and horses or the lesions in sheep may represent a species-dependent variant in morphologic expression.
